[1] Nocturnal chemistry in urban areas can considerably influence the composition of the boundary layer by removing nitrogen oxides and hydrocarbons, as well as changing the size and composition of aerosol particles. Although these processes can have a severe impact on pollution levels at night and during the following day, little quantitative information is available. In particular, the vertical variation of trace gas concentrations and chemistry at night has received little attention and is thus poorly understood. Here we present differential optical absorption spectroscopy (DOAS) measurements of the vertical distributions of O 3 , NO 2 , and NO 3 during the Texas Air Quality Study 2000 near Houston, TX. Distinct vertical profiles, with lower mixing ratios of O 3 and NO 3 near the ground than above 100 m altitude, were observed. Mixing ratios of NO 3 aloft reached 50 ppt and above, and steady state N 2 O 5 levels were calculated to be 100-300 ppt. A onedimensional chemical transport model reveals that the formation of the vertical trace gas distributions is driven by deposition, surface emissions of NO, reactions of O 3 and NO 3 , and vertical mixing. The removal of O 3 in Houston is found to proceed by dry deposition, while NO x is primarily lost above 10 m altitude by N 2 O 5 chemistry. The study shows that chemistry in polluted areas is strongly altitude dependent in the lowest 100 m of the nocturnal atmosphere. This altitude dependence should be considered in future field and model studies of urban air pollution.
Introduction
[2] The study of air pollution in urban areas has, for many decades, focused on the daytime processes responsible for the formation of ozone and particles. The chemical reactions and transport processes modifying the composition of the urban nocturnal boundary layer (NBL) have, on the other hand, received surprisingly little attention. This lack of information is partially explained by the absence of reliable means to study this subject and the difficulty in performing field experiments. From experimental and modeling studies in remote and marine regions, we know that nocturnal chemistry can efficiently transform and remove O 3 , NO x , and VOC, and influence the size and composition of particles [Dentener and Crutzen, 1993; Dimitroulopoulou and Marsh, 1997; Li et al., 1993; Makar et al., 1998; Riemer et al., 2003] . The importance of these mechanisms in urban environments, however, remains uncertain.
[3] A number of unique characteristics distinguish the NBL from the well mixed daytime boundary layer in urban areas:
[4] 1. Negative buoyancy inhibits turbulent mixing, thus vertical transport is slower at night than during the day JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, D12306, doi:10.1029 /2003JD004209, 2004 Copyright 2004 by the American Geophysical Union. 0148-0227/04/2003JD004209$09.00 [Mahrt et al., 1998; Stull, 1988] . Trace gases that are emitted near the surface, such as NO x and CO from traffic, therefore accumulate near the ground at night.
[5] 2. Trace gases emitted at the ground can be chemically converted as they are slowly transported upwards [Galmarini et al., 1997] , and develop strong vertical gradients. Compounds reacting with the emitted gases, such as O 3 with NO, will also show distinct vertical profiles [Beyrich et al., 1996; Gusten et al., 1998; Pisano et al., 1997] .
[6] 3. Radical chemistry is slower and less efficient at night, since OH concentrations are small due to the lack of photochemical OH sources [Finlayson-Pitts and Pitts, 2000] . In general, the nitrate radical, NO 3 , is considered the most important oxidant in the urban NBL [FinlaysonPitts and Pitts, 2000; Geyer et al., 2001; Platt et al., 2002; Wayne et al., 1991] . For example, observations downwind of Los Angeles in the beginning of the 1980s found NO 3 mixing ratios exceeding 300 ppt [Harris et al., 1983; Platt et al., 1980 Platt et al., , 1984 . Smith et al. [1995] and Geyer et al. [2001 Geyer et al. [ , 1999 report 80-100 ppt NO 3 in polluted suburban areas.
[7] 4. A number of unique heterogeneous reactions, such as the uptake of N 2 O 5 , play an important role at night [Jacob, 2000] .
[8] 5. Due to the lower boundary layer height the ground plays a more important role for heterogeneous chemistry in the boundary layer at night than during the day.
[9] Because the NBL behaves differently than the daytime boundary layer, the scientific approach developed to study daytime chemistry needs to be adapted for experiments and models at night. Observations are often performed by local in-situ measurements near the ground, without considering the vertical change in composition and chemistry. This approach may be successful in the well mixed daytime boundary layer. However, it excludes large portions of the NBL, and often also the nocturnal residual layer from the observations.
[10] This is the first of two papers adopting a onedimensional view of the nocturnal boundary layer. Here we will concentrate on the observation and interpretation of the vertical trace gas profiles of O 3 , NO 2 , and NO 3 during the TEXAQS 2000 field experiment in La Porte near Houston, TX. The vertical distribution of trace gases, in particular NO 3 , are discussed, and conclusions about the altitude dependence of the chemistry in the NBL are drawn with respect to the topics discussed above. An accompanying paper by Geyer and Stutz [2004] describes modeling studies of the various mechanisms influencing the chemistry of NO 3 , N 2 O 5 , and the NO-O 3 -NO 2 system in the NBL.
[11] The motivation for both studies is to improve our ability to assess the influence of nocturnal chemistry on the composition of the nocturnal atmosphere. In particular, we want to overcome the shortcomings posed by the poor understanding of the influence of vertical mixing in the nocturnal boundary layer, and the lack of altitude resolved measurements of the chemical composition in the NBL.
The Urban Nocturnal Boundary Layer

Chemistry
[12] Nocturnal chemistry is dominated by the reactions of ozone and the nitrogen oxides NO, NO 2 , NO 3 , and N 2 O 5 . In urban areas the most significant reaction is the titration of ozone by NO.
[13] In cities this fast reaction can lead to a complete destruction of ozone at night, while simultaneously forming NO 2 . This leads to vertical profiles of ozone, with lower concentrations near the surface [Beyrich et al., 1996; Gusten et al., 1998; Pisano et al., 1997] .
[14] The nitrate radical, NO 3 , is in many cases the most important nocturnal radical species for the oxidation power of the atmosphere Wayne et al., 1991] . It is formed in the presence of ozone and NO 2 .
[15] Various loss pathways influence NO 3 levels in urban areas (for details refer to Wayne et al. [1991] ). The fast reaction with NO often controls NO 3 concentrations at the ground in urban areas.
[16] Because the NO 3 lifetime at NO mixing ratios above 0.1 ppb is less than 15 s, it is often assumed that, in areas with large NO emissions, NO 3 chemistry is relatively unimportant.
[17] NO 3 oxidizes larger alkenes, in particular isoprene and monoterpenes [Atkinson, 1991] , forming, among other reaction products, various RO 2 radicals [Geyer et al., 2003b; Platt et al., 1990] . Reactions of NO 3 on organic aerosol, with uptake coefficients in the range from 0.0014 to 0.015, have also been reported [Moise et al., 2002] .
[18] Another significant process at night is the temperature dependent equilibrium of NO 2 , NO 3 , and N 2 O 5 [Wängberg et al., 1997] :
[19] N 2 O 5 can be taken up by surfaces with uptake coefficients in the range of 0.001 to 0.05 [Hallquist et al., 2000; Kane et al., 2001; Mentel et al., 1996; Wahner et al., 1998b] . Another possible pathway for N 2 O 5 is its reaction with water vapor. Mentel et al. [1996] , and Wahner et al. [1998a] , suggest that this reaction is both first and a second order in water.
D12306 STUTZ ET AL.: OBSERVATIONS OF NOCTURNAL TRACE GAS PROFILES [20] There is currently some uncertainty connected with these values (http://www.iupac-kinetics.ch.cam.ac.uk) [Voegele et al., 2003] .
Vertical Mixing and Transport
[21] Vertical transport of trace gases plays an important role in cities, where most emissions occur close to the ground. Radiative surface cooling at night suppresses mechanically produced turbulence, leading to surface temperature inversions [Stull, 1988] . Under neutral and weakly stable conditions, trace gases are still efficiently mixed, and vertical transport can be described by Monin-Obukov similarity theory [Mahrt et al., 1998; Stull, 1988] . Under strong stabilities, mixing is strongly inhibited, turbulence becomes intermittent, and non-turbulent motions become important [Coulter and Doran, 2002; Mahrt et al., 1998 ]. The description of vertical exchange at night, for example in air quality modeling applications, is thus challenging. An additional problem is posed by the similarity between the timescale of turbulent mixing at night, which is in the range of $100 s [Fitzjarrald and Lenschow, 1983; Lenschow, 1981] , and the chemical lifetime of many reactive species. This similarity leads to differences in the vertical transport of unreactive and reactive trace gases [Fitzjarrald and Lenschow, 1983; Galmarini et al., 1997; Hamba, 1993; Kramm et al., 1991] .
Vertical Trace Gas Profiles
[22] The influence of vertical transport on the distribution of trace gases in the NBL has primarily been studied with respect to vertical profiles of ozone, which were measured with in-situ instruments mounted on tethered balloons [Beyrich et al., 1996; Colbeck and Harrison, 1985; Galbally, 1968 Galbally, , 1971 Glaser et al., 2003; Gusten et al., 1998; Pisano et al., 1997] . In general, ozone concentrations increase from the ground upwards due to its deposition on the surface [Wesely and Hicks, 2000] and reactions with NO. Profiles of NO 2 , measured with the help of tethered balloons, in the NBL have also been reported [Glaser et al., 2003; Pisano et al., 1997] , and usually show a negative profile (higher concentrations at the ground than aloft) due to the conversion of NO emissions to NO 2 .
[23] Measurements of vertical profiles of [NO 3 ] have been made by two groups Coe et al., 2002; von Friedeburg et al., 2002] . Both groups relied on the measurement of NO 3 absorption in scattered sunlight during sunrise to derive the vertical [NO 3 ] distribution. The general finding is that, shortly before sunrise, NO 3 mixing ratios increase from the ground up to a certain height, and then decrease again. Only the measurements of von Friedeburg et al. [2002] , however, have the resolution to give information about the distribution in the boundary layer, and show a maximum of $120 ppt at 300 m altitude. A number of modeling studies also find an increase of [NO 3 ] from the ground to heights of several hundred meters, which is caused by ozone deposition and NO emissions at the ground [Fish et al., 1999; Galmarini et al., 1997] [Platt, 1994] . Two identical DOAS systems were set up at the southern end of the La Porte airport, at an altitude of 2 m above the ground during TEXAQS 2000 (see Figures 1  and 2 ). Each DOAS system consisted of a coaxial double Newtonian telescope that sent a collimated beam of white light from a Xe short-arc lamp onto an array of quartz corner cube retroreflectors. The retroreflectors folded the beam back into the telescope, where it was focused and fed through a quartz fiber into a spectrometer [Stutz and Platt, 1997] . The spectral analysis of the path-averaged atmospheric absorption spectra was performed by a thermally stabilized 0.5 m focal length Czerny-Turner spectrograph (Acton Research, Spectra Pro 500) and a cooled photodiode array detector system (Hoffmann Messtechnik). A detailed description of the basic setup is given by Alicke et al. [2002] and Stutz and Platt [1997] .
[27] We deployed five different retroreflector arrays, with the goal of measuring the vertical distribution of various trace gases. Three arrays were mounted at different altitudes on a radio tower at 6.1 km distance from the DOAS telescopes (see Figures 1 and 2) . The mounting heights were 70 m, 99 m, and 115 m above the ground. These three light paths will be referred to as radio tower lower (RTL), middle (RTM), and upper (RTU). Another retroreflector array was mounted on a water tower at 1.9 km distance and an altitude of 44 m. This light path will be called water tower (WT). The last and shortest light path ran 2 m above the meadow inside the airport. The distance between telescope and the retroreflectors of this ''meadow'' (MD) light path was 750 m.
[28] From 25 August to 12 September 2000, we measured concentrations of NO 3 , NO 2 , O 3 , and SO 2 , along all five light paths. One DOAS instrument sequentially aimed at the three retroreflector arrays mounted on the radio tower. Typically, a complete set of measurements on all three light paths required 20 min. The second DOAS telescope sequentially aimed at the water tower and the meadow retroreflectors. A sequence of measurements on these two light paths took 10-15 min.
[29] Measurements of NO 2 , O 3 , and SO 2 were made in the spectral range of 300-380 nm with a spectral resolution of 0.5 nm, employing the MultiChannel-Scanning Technique [Brauers et al., 1995] to correct the diode-to-diode variation in the detector sensitivity. The analysis procedure is described in detail by Alicke et al. [2002] . The method and analysis technique of the NO 3 measurements is described in detail by Geyer et al. [2003a] . As discussed by Stutz and Platt [1996] , errors of the concentrations are calculated by the analysis procedure for each individual spectrum and trace gas. All errors of trace gas mixing ratios in this paper refer to the 1s statistical uncertainties. The systematic errors of the reported trace gas mixing ratios are dominated by the uncertainties of the absorption cross sections. The uncertainty of the O 3 , NO 2 , and NO 3 absorption cross sections are ±3%, ±8%, and ±10%, respectively [Bass and Paur, 1984; Harder et al., 1997; Yokelson et al., 1994] . The systematic error of the DOAS spectrometer was determined to be <3% [Stutz, 1996] .
[30] The average and best detection limits achieved on the different light paths are listed in Table 1 . The average detection limits were calculated as twice the average of the individual 1s random error of all measurements, including measurements that were taken during times of low visibility, instrument misalignment, and lamp failure. The detection limits achieved under optimum conditions are also listed in Table 1 . Detection limits below 1 ppt for NO 3 and 50 ppt for NO 2 were achieved during TEXAQS 2000. In general, the detection limits on the shorter light paths were higher compared to the RT data by a factor determined by the ratio of the path lengths (Table 1) . A comparison of the two DOAS instruments aiming at the WT retroreflector for a 12 hour period before 24 August showed an excellent agreement between the two systems.
Meteorological Instruments
[31] A number of meteorological measurements were made at La Porte. Temperature and R.H. were measured at 2 m altitude at the La Porte airport, as well as on top of the water tower 44 m above the ground (Vaisala HMP45C humidity probe, Campbell Scientific data logger). Wind speed and direction were measured at 10 m above ground by a prop-vane anemometer (RM Young model 5103). In addition, a sonic anemometer/thermometer (Applied Technologies K-probe) was mounted at 8 m above ground.
In Situ Chemical Instruments
[32] A large number of other chemical compounds were measured at La Porte during TEXAQS 2000. Particularly useful for our analysis are the measurements of NO, NO 2 , and O 3 , which were performed 600 m west-northwest of the DOAS telescopes. Air was sampled at 10 m altitude by glass manifold with a $150 slpm flow rate, and thus a residence time of $1 sec. O 3 was measured by UV-absorption. NO and NO 2 were detected by chemiluminescence and photolytic conversion [Thornton et al., 2003 ].
Deconvolution of Spatial Trace Gas Distribution
[33] The spatial distributions of the various trace gases measured by the DOAS instruments were calculated from the data measured along the five light paths pointing from H = 2 m to altitudes h i of 2, 44, 70, 99, and 115 m. Because the measurements were made sequentially we linearly interpolated all the data to the time of the RTU measurement. We will refer to the temporally interpolated concentrations averaged along the ith light path as S i , and to the concentrations in a specific height interval as C i . The numbering proceeds from the ground upwards, i.e., S 1 is the meadow, S 2 is the water tower data, etc. The data of the two lowest paths directly represent the concentrations at 2 m altitude and in the height interval (2 -44) m. The other concentrations C 3 , C 4 , and C 5 in the height intervals (44 m- 70 m), (70 m -99 m), and (99 m -115 m) were calculated from the ground upwards with equation (7):
Errors for each individual C i were calculated based on the propagation of the errors of the individual path-averaged concentrations S i . Figure 2 illustrates the vertical extent of the volumes represented by the different C i .
[34] As illustrated in Figures 1 and 2 the MD, WT, and radio tower light paths are not only separated in the vertical but to some extent also in the horizontal. We therefore have to ensure that the concentrations C i , do indeed yield information about the vertical distribution of trace gases in the respective height intervals, and are not influenced by horizontal inhomogeneities.
Analysis of Horizontal Trace Gas Homogeneity
[35] In a first step, the degree of the horizontal trace gas homogeneity can be determined by a simple comparison between the RTL and the WT light path data. Geometric considerations reveal that the two light paths overlap by 62% in their vertical coverage, but by less than 32% in the horizontal coverage. Inhomogeneities in the horizontal trace gas distributions will thus be weighted more strongly than differences in the vertical distribution. In contrast, the vertical overlap between RTL and RTU is 60%, while the horizontal overlap is 100%. Horizontal inhomogeneities in trace gas concentrations should thus not lead to differences in the RTL and RTU observations, while vertical gradients can be observed. Figure 3 shows the time series of NO 3 , NO 2 , and O 3 mixing ratios measured along all five light paths from 28 August to 1 September. During a number of occasions, mixing ratio differences between RTL and WT, and similar values for RTL and RTU, can be clearly identified. For example, from 0000 to 0600 on 31 August, NO 2 data of RTL and WT differ by a factor 2, while RTL and RTU values are nearly identical. If the RTL/WT difference would be purely caused by a vertical NO 2 gradient, the mixing ratio above 44 m would be 26 ppb and thus 3 times higher than below this altitude. Such a strong gradient is clearly not reflected in the comparison between RTU and RTL. In addition, the vertical stability was weak during this period (wind speed $2 ms À1 , friction velocity u* $ 0.2 ms
À1
) and such a strong vertical NO 2 gradient cannot be sustained. We therefore conclude that the behavior in this period was most likely caused by a horizontally inhomogeneous trace gas distribution. A number of other intervals such as the one just described were identified during the observational period. The criteria to identify horizontally mixed air masses based on these arguments was a similarity between WT and RTL data together with a difference between the other light paths, in particular between RTL, RTM, and RTU.
[36] Another method to study the horizontal mixing of an air mass is the comparison of the temporal behavior of trace gas concentrations from the DOAS and the in-situ measurements. Concentration changes due to the advection of air masses that are well-mixed on scales larger than the length of the DOAS light paths lead to similar concentrations in the DOAS and the in-situ observations. In contrast, plumes that are smaller than the extent of the DOAS light paths lead to a stronger response in the in-situ data. Figure 3 shows a number of small scale plumes that passed over the La Porte airport causing a sudden increase in the concentration of the in-situ instruments and the shorter light path DOAS data, but are not reflected in the RT data. For example, on 31 August 2000 around 2000 CST the NO 2 mixing ratio increases from 7 ppb to 12-15 ppb on the two shorter light paths and the in-situ instrument for about 1 hour, while the radio tower data does not appear to change. Periods during which temporal concentration changes are reflected in all DOAS and the in-situ data are thus identified as horizontally well mixed.
[37] After performing the tests described above, we identified three periods where a comparison between the DOAS data on different light paths indicates that the air mass was horizontally well mixed. In addition, the temporal behavior of DOAS and in-situ measurements showed a very good agreement, strengthening this conclusion. The DOAS data during these periods thus clearly allow the derivation of vertical trace gas profiles. The periods are marked by gray bars in Figure 3 . In particular, the period between 2200 on 31 August and 0600 on 1 September is well suited for the investigation of vertical trace gas profiles. We will thus focus on this night throughout most of this publication. The early morning of 29 August is also very interesting due to its strong vertical stability. Back-trajectories with the NOAA-HYSPLIT model for these periods show that the observed air originated from the Gulf of Mexico, and touched the coast four hours before the measurements. The air then continued to travel in north and northeastern direction toward La Porte. Only a few small NO x sources were located along the trajectory (www.epa.gov/air/data), which is in agreement with the comparatively low NO x mixing ratios at midnight.
[38] Finally, we would like to note that a comparison of DOAS data measured on different light paths, and the comparison with in-situ data as described above, offers a powerful tool to investigate the spatial distribution of trace gases. For example, this method allows the determination of how representative in-situ measurements are for a larger area, and thus helps in the extrapolation of point data to larger scales, such as those used in air pollution models.
Results
[39] We will focus here on the nocturnal observations during a four day period, 28 August 2000 to 1 September 2000 (see also section 3.4), which includes the days with the highest daytime ozone mixing ratios observed at La Porte during TEXAQS 2000 (Figure 3 ). We will begin by discussing the general behavior of the meteorology and trace gas data, and then focus on the vertical profiles of various trace gases. The night of 31 August to 1 September will be discussed in detail.
Meteorological Observations
[40] During most nights at La Porte the wind direction turned from $220°at the beginning of the night to $360°in the early morning (Figure 4) , with wind speeds between 1 and 4 ms À1 (Figure 4 ). On two occasions we encountered very calm conditions. On 29 August between 0300 and 0600, wind speeds of 0 -1 ms À1 are also reflected in the temperature gradient of $2 K between 2 m and 44 m. Similarly, a temperature difference of 0.5 K was observed during the morning of 1 September. The temperature gradients allow us to infer that La Porte typically did not encounter strong ground inversions during the period shown in Figure 4 . This is further emphasized in the friction velocity, u*, in the range of 0.1-0.3 ms À1 , (Figure 4 ) during most nights. The heat flux was slightly negative at night (Figure 4 ).
Trace Gas Concentrations 4.2.1. NO
[41] Nocturnal NO mixing ratios typically varied between 0 and 0.1 ppb (Figure 4) . However, under the stable conditions after 0300 on 29 August, NO mixing ratios increased to 2 ppb. These high NO levels, and the fact that mixing ratios of up to 0.1 ppb were observed during other nights, are indicative of a small local NO source, most likely ground emission and emissions from nearby traffic. NO mixing ratios generally increased in the early morning around 0500 at the beginning of the local rush hour. During several evenings between 2000 and 2300, NO mixing ratios exceed 10 ppb for about one hour. We explain this sudden NO increase by a local plume from a nearby NO source passing over the airport. The wind direction associated with this plume is 270 degrees.
O 3
[42] Figure 3 shows the highest daytime ozone levels of $200 ppb observed at La Porte during TEXAQS 2000. Nocturnal O 3 is typically between 10 and 40 ppb from the beginning of the night to the onset of rush hour. After the onset of rush hour, O 3 mixing ratios drop below 5 ppb, except on 29 August. Low in-situ ozone is also found in the plumes of elevated NO described above. It should finally be noted that the agreement between the DOAS and the in-situ O 3 mixing ratios is excellent, in particular with respect to the WT and MD light paths.
NO 2
[43] Nocturnal NO 2 mixing ratios displayed rapid fluctuation in the first part of all four nights (Figure 3) , which are associated with local pollution plumes that are also reflected in the O 3 and NO data. During the second half of the nights of 29 August to 1 September NO 2 typically varied less strongly. The NO 2 mixing ratios during the night of 31 August to 1 September, for example, are around 5 ppb from 2200 to midnight, and then around 7 ppb from midnight to the time rush hour starts. Only during the stable period on the morning of 29 August large variations, in particular between the different light paths and the in-situ data, were observed. NO 2 increased rapidly after 0500 when NO emission from traffic begins.
NO 3
[44] As expected, the path-averaged NO 3 data measured during the four days at La Porte (Figure 3) show low mixing ratios during most of the day. NO 3 was, however, elevated during some of the late afternoons within 3 hours of sunset [Geyer et al., 2003a] . During the first two nights in Figure 3 , NO 3 mixing ratios remained below 20 ppt, but well above our detection limit on the WT and RT light paths. NO 3 mixing ratios during the night of 30-31 August reached $20-30 ppt at 2000 and 2200. These peaks can also be seen in the NO 2 data and indicate that NO 3 is elevated in the pollution plumes observed at La Porte. The night of 31 August to 1 September had the highest path averaged data during this four day period. Maximum values reached 60 ppt on the RTU light path. Figure 3 clearly shows that RTU has the highest mixing ratio, followed by RTM, RTL, and WT. The NO 3 MD data were below the detection limit during the whole period. NO 3 disappeared during all nights at the onset of rush hour, when high NO concentrations titrated both O 3 and NO 3 .
Vertical Trace Gas Profiles
[45] Figure 5 shows the spatial distribution of the mixing ratios of O 3 , NO 2 , and NO 3 during the four day period at La Porte, as calculated by equation (7). The mixing ratios of N 2 O 5 , which are also shown in Figure 5 , will be explained in detail in section 4.3.4. The vertical trace gas profiles during the night of 31 August to 1 September are displayed in more detail in Figure 6 . We chose four times, approximately separated by 2 hours each, beginning at 2032 for this graph. For the first time, 2032, horizontal inhomogeneities can not be excluded entirely. The later times are during periods where we found a horizontally well mixed air mass. The profiles in Figure 6 are therefore representative for the general form of the profiles during this night. In the following section we will discuss the different trace gas profiles in Figures 5 and 6 . 4.3.1. O 3 and NO 2
[46] The logarithmic color coding in Figure 5 reveals the typical diurnal O 3 variation, with high mixing ratios during the afternoon and lower values at night. Vertical ozone profiles were typically weak during the four day period. As illustrated during the night of 30-31 August, O 3 mixing ratios were sometimes also highly variable, and no clear gradients can be observed. However, a closer look at Figure 6 reveals that ozone was generally higher in the upper altitude levels, with mixing ratios of 50-60 ppb during 31 August to 1 September. Ozone then decreases in the next two altitude levels to 30-40 ppb, and then increases again slightly at the 21 m level. The increase at 21 m altitude is typically in the range of 2 -3 ppb, and is most likely statistically insignificant. The lowest altitude level is, within its error, not different from the 21 m level. In general, it appears that [O 3 ] in the lowest three altitude intervals decreases from 2254 to 0240 by approximately 5 ppb. The concentration in the top interval, on the other hand, remains constant.
NO 2
[47] The mixing ratios of NO 2 in Figure 5 are, in general, very patchy. The only clear structures that can be identified are a plume above 50 m altitude around noon of 30 August, and a plume of NO 2 at 85 m altitude on the morning of 31 August. In both cases, NO 2 reached mixing ratios of up to 40 ppb. During the nights no distinct vertical profiles can be identified in Figure 5 . For the night of 31 August to 1 September this is caused by the weak vertical profile, as can be seen in Figure 6 . The NO 2 profile at 2032 varies between 7 and 17 ppb, without a clear vertical structure. During this time an interpretation of the deconvoluted mixing ratios as a vertical profile may be incorrect. The profiles at 2254, 0042, and 0240 display a much smoother behavior. In general, the vertical NO 2 gradient during this time is weak but distinct, with mixing ratios of $7 ppb at the ground and $5 ppb aloft.
NO 3
[48] In contrast to O 3 and NO 2, NO 3 is elevated at higher altitudes every night ( Figure 5 ). During the first two nights, mixing ratios of NO 3 at the ground are negligible, while mixing ratios of 40-60 ppt are observed at the 107 m level. It may at first be surprising that mixing ratios at 107 m are higher than the mixing ratios in Figure 3 . Because the RTU light path averages from 2 m to 115 m altitude, the elevated NO 3 mixing ratios at 107 m contribute little to the pathaveraged mixing ratio, which integrates over the entire altitude range. Although the interpretation of the observations during the night of 30-31 August as a vertical NO 3 gradient is uncertain, we also see elevated NO 3 in the upper part of the observed volume during this night. The clearest vertical NO 3 profile was observed during the night of 31 August to 1 September. Figure 6 shows that at 2254, 0042, and 0240, NO 3 mixing ratios at the ground are statistically indistinguishable from zero. The mixing ratios then continuously increase with altitude, reaching mixing ratios of up to 100 ppt at 107 m. These profiles were sustained throughout most of this night after 2200. (4)). Since no temperature gradient between 2 m and 44 m was observed during most nights we used the 8 m data for all altitudes to calculate the temperature dependent equilibrium constant K(T). During the morning of 29 August this will lead to a small error in the N 2 O 5 mixing ratios. As will be explained in the accompanying paper by Geyer and Stutz [2004] , our assumption of a pure chemical steady state can lead to an error in [N 2 O 5 ] of 10-30% due to vertical transport. Similar to NO 3 , N 2 O 5 mixing ratios are elevated aloft during every night ( Figure 5 ). Mixing ratios frequently exceeded 100 ppt. The clearest vertical profiles were again observed on the night of 31 August to 1 September. Figure 6 shows that N 2 O 5 mixing ratios at the ground were statistically indistinguishable from 0, and then steadily increased with increasing altitude, reaching up to 300 ppt at 0240. The N 2 O 5 profiles follow the NO 3 profiles closely, since NO 2 is only weakly altitude dependent.
Discussion
[50] The interpretation of vertical profiles of reactive trace gases is challenging due to the simultaneous acting chem- istry and vertical mixing. To facilitate the understanding of the processes acting in the NBL at La Porte, we used a 1-D chemical transport model [Geyer and Stutz, 2004] to provide a basic analysis of the processes responsible for the formation of the vertical trace gas profiles in Figure 6 . We also want to determine how the loss rates of NO x and O 3 vary with altitude at night.
Model Description
[51] The details of the 1D nocturnal chemistry and transport (NCAT) model are described in an accompanying paper by Geyer and Stutz [2004] . Here, only a short description of the model and the parameters of the model for the night of 31 August to 1 September at La Porte will be given. For the La Porte case the model spans altitudes from the ground up to 150 m, subdivided in 14 layers with a log linear spacing. An additional box between 150 m and 1000 m provides an upper boundary for the NBL. The vertical exchange of inert gases, K(z), is calculated based on similarity theory using values for the surface friction velocity, u* = 0.2 ms
À1
, and the heat flux, H = À20 W/m 2 , and was in the range of 0 at the ground to 5 Â 10 3 cm 2 s À1 at 65 m and above. The vertical mixing was kept constant with time. The influence of chemical reactions on the vertical transport of reactive gases was explicitly taken into account (see Geyer and Stutz [2004] for more details). The temperature was set to 306 K at the beginning of the night, and decreased by 1 K per hour. The temperature profile showed only a very weak altitude dependence, as expected from the observation at 2 and 44 m. The chemical mechanism in NCAT includes reactions of the NO x -O 3 -NO 3 system, the HO x /RO 2 reaction scheme, and a simplified mechanism of the oxidation of CO, propane, propene, isoprene, and apinene by OH, O 3 , and NO 3 . Heterogeneous uptake of trace gases is calculated for an exponentially decaying aerosol surface area to air volume ratio (S/V) profile. According to the observations the S/V at 5 m was chosen to be 370 mm 2 cm À3 and decreased to 100 mm 2 cm À3 above 50 m. Dry deposition is simulated by assuming a heterogeneous loss of reactive species at the ground. The assumption of a flat surface may lead to an underestimation of the dry deposition. The heterogeneous loss is calculated with the following uptake coefficients: g(O 3 ) = 6 Â 10 À5 [Longfellow et al., 2000] , g(NO 3 ) = 1.3 Â 10 À3 [Rudich et al., 1996] , g (NO 2 ) = 1 Â 10 À4 , g (N 2 O 5 ) = 0.044 [Jacob, 2000] .
[52] Nocturnal emissions of NO from the soil and traffic were included at a flux of 6 Â 10 10 molecules cm
from the ground and an emission rate of 6.7 Â 10 8 molecules cm À3 s À1 between 0.1 and 0.9 m. CO traffic emissions were 3.3 Â 10 9 molecules cm À3 s
. R.H. was 60%, in accordance with the observations. The model was initialized by vertically uniformly distributed mixing ratios of [NO 2 ] = 12 ppb, and [O 3 ] = 70 ppb. To represent a semi-realistic VOC chemistry, we used the reaction equivalent ( P k i Â [VOC i ]/k model molecule ) from the measured VOC and increased this value by 2 to account for unmeasured gases. The result of this procedure leads us to the following initial concentrations of propane, propene, and isoprene: 5 Â 10 11 molecules cm À3 , 10 11 molecules cm
À3
, and 10 10 molecules cm À3 , respectively. An emission rate of a-pinene from trees of 1.1 Â 10 6 molecules cm À3 s À1 was included between altitudes of 1 and 10 m [e.g., Fuentes et al., 2000; Guenther et al., 2000] . Modeled a-pinene mixing ratios (Figure 7 ) agree well with terpene concentrations observed at La Porte at 10 m altitude during the night of 31 August to 1 September.
Interpretation of Vertical Trace Gas Profiles
[53] A comparison of the model results after 3 hours (Figure 7) with the observations at 2254 on 31 August in Figure 6 illustrates that the model reproduces the general behavior of the trace gas gradients observed at La Porte.
The model therefore appears to describe the general mechanisms that determine the vertical trace gas distributions and can be used to derive more information about the chemical transport processes during this night at LaPorte. However, we want to caution the reader to interpret the model results directly as an accurate reproduction of the observations, since NCAT is in many aspects highly idealized. On the other hand, the qualitative NCAT results offer valuable insight with respect to the interpretation of the observations.
Vertical Profile of NO
[54] Due to surface emissions the model shows that [NO] is highest close to the ground (Figure 7 ) with mixing ratios between 0.1 and 0.5 ppb. In contrast, [NO] is below 10 ppt at 10 m above the ground, which is in agreement with the averaged observations (Figure 4) for the night of 31 August to 1 September. Above 10 m [NO] is in the sub-ppt range. The mechanism responsible for the formation of the NO profile is the simultaneous titration of NO by ozone, and its slow upwards transport.
Vertical Profile of O 3
[55] After 3 hours the model calculates O 3 mixing ratios of 40 ppb close to the ground, which increase with altitude and reach $60 ppb above 100 m (Figure 7) . A careful comparison of the 2254 data in Figure 6 illustrates that the modeled ozone mixing ratios close to the ground and those at 110 m agree with the observations. However, even considering the uncertainties of the observations, the shape of the profile is quite different. The disagreement is not surprising since the vertical mixing and transport in our model is idealized. Ozone is lost by downward transport above 5 m, while transport is a net source of ozone below this altitude. At 10 m the model predicts an O 3 downward flux of 3 Â 10 11 cm À2 s
À1
. Dry deposition is the main loss of O 3 below 5 m, accounting for $85% of the loss. Only $15% is destroyed by the NO reaction. The deposition velocity at 10 m caused by dry deposition is therefore $0.23 cm s
. This value is very close to the typical values of 0.2 cm s
given by Wesely and Hicks [2000] , and describes the overall loss of ozone during the night of 31 August to 1 September fairly well. The observed and modeled O 3 profiles, with lower values close to the ground and higher values aloft, agree in their general behavior with other observations [Beyrich et al., 1996; Colbeck and Harrison, 1985; Galbally, 1968 Galbally, , 1971 Glaser et al., 2003; Gusten et al., 1998; Pisano et al., 1997] and modeling studies [Galmarini et al., 1997] .
Vertical Profile of NO 2
[56] The modeled NO 2 profile (Figure 7 ) is in surprisingly good agreement with the observation at 2254 (Figure 6 ). Modeled and observed NO 2 mixing ratios decrease above 3 m. The model results also reveal a decrease of NO 2 from 3 m toward the ground (Figure 7) , which could not be observed with the DOAS system due the light paths geometry. The overall shape of the NO 2 profile, with a mixing ratio maximum at 3 m, is caused by two competing effects. NO 2 is produced by the reaction of ozone with NO, which occurs predominantly below 5 m, leading to a negative vertical gradient of NO 2 . This formation is counteracted by the dry deposition of NO 2 , which by itself would lead to a positive gradient. The model predicts that the NO 2 profile remains fairly constant after 3 hours calculation time, because loss of NO 2 and formation by O 3 + NO counterbalance each other. Figure 6 shows that this also appears to be the case for the observations at LaPorte. At 10 m the model calculates an upward flux of NO 2 of À2.8 Â 10 10 cm À2 s À1 for La Porte. Because NO 2 is both produced and destroyed, the vertical flux at 2 m is negligible in our case. Very few observations of urban NO 2 vertical profiles have been published. Pisano et al. [1997] , and Glaser et al. [2003] , report elevated nocturnal NO 2 at the ground, but no systematic profiles as in our case can be identified. Modeling studies of NO 2 profiles by Hov [1983] and Galmarini et al. [1997] , are in agreement with our observations of a maximum of NO 2 close to the ground. (Figure 6 ). Above 100 m, however, the observed NO 3 and steady state N 2 O 5 mixing ratios are higher than those in the model.
[58] To compare the chemical behavior of NO 3 in the model with the observations, we used the pseudo steady state lifetime of NO 3 , t NO3 [Brown et al., 2003] :
[59] We calculated t NO3 based on the observations at 2254 on 31 August (Figure 6 ) and compared it to the values Figure 8 . The observed t NO3 is near 0 at the ground due to the elevated NO levels, which destroy NO 3 through the fast NO + NO 3 reaction, and increases to $350 s at 107 m. Considering the uncertainties in our observations the agreement between model and measurements is very good in the lowest 100 m. Above 100 m the modeled t NO3 is, however, only half of the observed value. We can conclude from this comparison that the loss processes in the model are well quantified in the lower 100 m, but are too high aloft.
[60] The production rate of NO 3 through R2 at La Porte depends only weakly on altitude (Figure 9a ), due to the counterbalance of the positive O 3 and negative NO 2 altitude dependence. In the upper part of the NBL, $55% of the NO 3 loss, described by a negative P NO3 (N 2 O 5 
, proceeds indirectly through the N 2 O 5 equilibrium (Figure 9a ). The reactions with VOC and RO 2 account for the other 45% of the NO 3 loss. The NO 3 + NO reaction becomes the dominant NO 3 loss process in the lowest 10 m and is responsible for the low NO 3 levels near the ground. Figure 9b shows that above 5 m equilibrium 4 is the sole source of N 2 O 5 , while it is a loss mechanism below 5 m. The dominant N 2 O 5 loss processes above this altitude are the uptake of N 2 O 5 on aerosol surfaces, and the reaction of N 2 O 5 with water vapor. The aerosol uptake rate changes little with altitude due to our assumption of an exponentially decreasing aerosol surface area, which by coincidence balances the increase of N 2 O 5 mixing ratio with altitude. It is surprising that the most important N 2 O 5 loss pathway in the upper 70 m of the model is the gas-phase hydrolysis of N 2 O 5 (reactions (5) and (6)). The reason for this dominance is the relatively high water vapor concentrations at La Porte at night. The N 2 O 5 water vapor reaction contributes $70% to the N 2 O 5 loss, leading to a large formation of gaseous HNO 3 at night.
[61] We can only speculate about the reason for the discrepancy between observations and model above 100 m. It is possible that the actual mixing ratios of RO 2 and VOC may be lower than calculated in the model. The most likely cause, however, is an overestimate of the N 2 O 5 loss frequency in the model. The aerosol uptake is inherently uncertain since it depends on the unknown composition and surface to volume area of the particles above 100 m. The aerosol uptake, however, only accounts for $30% of the N 2 O 5 loss. On the other hand, the rate constants for reactions (5) and (6) are based on only one direct measurement, and are thus highly uncertain (http://www.iupackinetics.ch.cam.ac.uk). Additional investigations of these two reactions would therefore be highly desirable.
[62] Figure 9b reveals that vertical transport of N 2 O 5 plays an important role at La Porte. Between 10 and 60 m, downward transport is a net N 2 O 5 loss mechanism, while it is a net source below 10 m. This behavior has two consequences, which are discussed in detail by Geyer and Stutz [2004] . The assumption of a purely chemical steady state for NO 3 can not be upheld below 60 m, where N 2 O 5 transport processes influence NO 3 levels. The combination of vertical transport and equilibrium 4 leads to a mechanism that converts NO 3 into N 2 O 5 between 10 and 60 m, transports N 2 O 5 below 10 m, where it then converted back into NO 3 radicals.
NO x and O 3 Loss in La Porte
[63] To investigate the altitude dependence of the different loss processes and to quantify their importance averaged over the lowest 100 m of the atmosphere at La Porte, we used the results of NCAT for the night of 31 August to 1 September before sunrise, thus not leading to O 3 production upon photolysis in the morning. Averaged over the lowest 100 m, dry deposition is the dominant O 3 loss process at La Porte, with a loss rate of 2.4 ppb h À1 (Table 2 ). The NO 2 + O 3 reaction contributes $25% to the overall O 3 loss of 4.1 ppb h À1 calculated by the model. The analysis of the DOAS data reveals that the observed loss of O 3 from 2200 on 31 August and 0300 on 1 September is $3 ± 1 ppb h À1 , close to the modeled value.
[64] In contrast to O 3 , NO 2 is both destroyed and formed in the NBL. The dominant formation process is the reaction of O 3 + NO close to the ground, and its upward transport. Smaller amounts of NO 2 are also produced by the NO + NO 3 and NO/NO 3 + RO 2 reactions above 10 m (Figure 10b ). NO 2 is lost in the NBL by a) reactions of NO 2 + O 3 , b) net loss through the NO 2 À NO 3 À N 2 O 5 equilibrium, and thus the loss processes of N 2 O 5 , and c) dry deposition (Figure 10b) . The chemical loss processes show little altitude dependence above 10 m. Figure 10b shows that the chemical loss of NO 2 proceeds almost completely above 10 m. The loss rates averaged over the lowest 100 m of the atmosphere are listed in Table 2 . In contrast to ozone, chemical loss dominates for NO 2 , with a contribution of $65%. NO 2 is converted both into surface adsorbed nitrate and gas phase HNO 3 , through the N 2 O 5 + H 2 O reactions. The averaged NO 2 concentration in the model decreases at a rate of $0.9 ppb h À1 due to the simultaneously acting NO 2 formation. This value is larger than the observed NO 2 loss rate, which was close to zero. The difference originates from an overestimate of the NO 2 loss, most likely because the N 2 O 5 loss in the model is too high, as already discussed above.
Conclusions
[65] Our measurements of vertical concentration gradients of O 3 , NO 2 , and NO 3 during TEXAQS 2000 reveal that the composition and chemistry in the nocturnal boundary layer is strongly altitude dependent. The dominant nocturnal oxidant, NO 3, typically exhibits a positive gradient, with mixing ratios of up to 100 ppt above 100 m altitude. Similarly, calculated steady state N 2 O 5 mixing ratios are higher aloft, reaching up to 300 ppt. The profiles of [O 3 ] and [NO 2 ] are less clear during most of the nights, most likely due to the relatively weak vertical stability at La Porte. During the night of 31 August to 1 September, however, we observed a positive O 3 and a negative NO 2 gradient.
[66] A one-dimensional chemical transport model, which is discussed in detail in Geyer and Stutz [2004] , describes the general behavior of the observed trace gas profiles well, allowing us to draw conclusions about the different mechanisms that are responsible for the change of trace gas concentrations with altitude. In the case of ozone, the nocturnal vertical profile and the loss of O 3 in the suburban environment encountered at La Porte are dominated by dry deposition. The titration of ozone by NO, which is emitted near the ground, only played a secondary role for ozone, but is responsible for the positive NO 2 gradient. The profiles of [NO 3 ] and [N 2 O 5 ] are dominated by the NO 3 + NO reaction, and the vertical transport of N 2 O 5 . Because N 2 O 5 mixing ratios are elevated aloft, most of the NO x loss at night proceeds above 10 m altitude. The model predicts that the dominant N 2 O 5 , and thus NO x , loss proceeds through the homogeneous reaction of N 2 O 5 with water, followed in importance by the uptake of N 2 O 5 on the aerosol. The overprediction of the NO 3 /N 2 O 5 loss above 100 m altitude could be associated with the homogeneous N 2 O 5 water reaction. More investigations of this reaction are needed to reduce the uncertainties connected with its rate constant.
[67] Based on our observations and the model results, we can distinguish two regimes in the NBL during the night of 31 August to 1 September at La Porte. Below 10 m altitude the atmosphere is dominated by the emissions of NO, which titrates O 3 , and NO 3 . Above 10 m altitude NO levels are small and chemistry is dominated by the reactions of NO 3 , N 2 O 5 , and to a lesser extent O 3 . The two height intervals are connected to each other by vertical transport, which determines the vertical extent of these two layers.
[68] Our measurements clearly illustrate that in-situ measurements at one altitude are not sufficient to describe the chemical processes occurring in the nocturnal boundary layer. Ground based measurements, for example, underestimate the loss of NO x and VOC because NO 3 and O 3 levels are much higher aloft. In addition, vertical transport processes, which can lead to a net production of radicals in the lower part of the NBL through the transport of radical reservoir species such as N 2 O 5 need to be considered. Further studies on the altitude dependence of nocturnal chemistry and the influence of vertical mixing are needed to better quantify the chemical processes occurring at night and their influence on air quality in urban and suburban areas. 
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